OBJECTIVE Diffusion-weighted MRI (DWI) and tractography allows noninvasive mapping of the structural connections of the brain, and may provide important information for neurosurgical planning. The hyperdirect pathway, connecting the subthalamic nucleus (STN) with the motor cortex, is assumed to play a key role in mediating the effects of deep brain stimulation (DBS), which is an effective but poorly understood treatment for Parkinson disease. This study aimed to apply recent methodological advances in DWI acquisition and analysis to the delineation of the hyperdirect pathway in patients with Parkinson disease selected for surgery. METHODS High spatial and angular resolution DWI data were acquired preoperatively from 5 patients with Parkinson disease undergoing DBS. The authors compared the delineated hyperdirect pathways and associated STN target maps generated by 2 different tractography methods: a tensor-based deterministic method, typically available in clinical settings, and an advanced probabilistic method based on constrained spherical deconvolution. In addition, 10 highresolution data sets with the same scanning parameters were acquired from a healthy control participant to assess the robustness of the tractography results. RESULTS Both tractography approaches identified connections between the ipsilateral motor cortex and the STN. However, the 2 methods provided substantially different target regions in the STN, with the target center of gravity differing by > 1.4 mm on average. The probabilistic method (based on constrained spherical deconvolution) plausibly reconstructed a continuous set of connections from the motor cortex, terminating in the dorsolateral region of the STN. In contrast, the tensor-based method reconstructed a comparatively sparser and more variable subset of connections. Furthermore, across the control scans, the probabilistic method identified considerably more consistent targeting regions within the STN compared with the deterministic tensor-based method, which demonstrated a 1.9-2.4 times higher variation. CONCLUSIONS These data provide a strong impetus for the use of a robust probabilistic tractography framework based on constrained spherical deconvolution, or similar advanced DWI models, in clinical settings. The inherent limitations and demonstrated inaccuracy of the tensor-based method leave it questionable for use in high-precision stereotactic DBS surgery. The authors have also described a straightforward method for importing tractography-derived information into any clinical neuronavigation system, based on the generation of track-density images.
H igH-frequency deep brain stimulation (DBS) in the subthalamic nucleus (STN) is an effective treatment for patients who have Parkinson disease (PD) with motor fluctuations and dyskinesia. However, there can be adverse, neurocognitive side effects that only become apparent over time, and negatively impact treatment outcomes in DBS. 8, 38, 48 Although the underlying mechanisms are not yet understood, it is clear that suboptimal placement of electrodes, and spread of current to surrounding structures, can lead to both short-and longterm negative side effects. Improved preoperative targeting is one avenue for refining DBS treatment, and in vivo tractography offers a major methodological opportunity to facilitate this. 17 Successful implementation would represent a substantial advance toward individualized treatment planning and a potential for improvement in the field of functional neurosurgery. In this study, we used a stateof-the-art diffusion-weighted MRI (DWI) acquisition to examine the feasibility and robustness of implementing tractography to target the STN.
Diffusion-based tractography is a rapidly developing neuroimaging technique that uniquely allows noninvasive investigation of the structural networks in the human brain.
3 Recent advances in both acquisition and processing of DWI data allow us to explore the underlying white matter pathways with greater detail and precision than previously achievable. 42 Although there has been much excitement about the potential of tractography for studying neural networks and white matter integrity, it is not without limitations, as reviewed extensively elsewhere.
19-23
Briefly, a major challenge lies in accurately modeling complex fiber configurations in voxels containing multiple crossing-fiber populations. Recent studies indicate that the proportion of white matter voxels containing such crossing fibers is as high as 90%. 19 Despite a clear need for more advanced modeling, 44 the original diffusion-tensor (DT) method, which can only model 1 principal fiber orientation per voxel, still dominates in neurosurgical research.
11
Numerous higher-order diffusion models using probabilistic tractography techniques, such as the constrained spherical deconvolution (CSD) method implemented in this work, have been developed to model and track through voxels containing multiple fiber orientations. 44, 45 It is generally agreed that these advanced models provide more anatomically plausible tractography results and are necessary to analyze the complexities of the human brain. 3, 11, 19, 44 However, these advanced techniques introduce additional requirements for MRI acquisition protocols and subsequent data processing, which is not supported directly by available commercial neuronavigation systems. Despite these technical challenges, tractography may provide invaluable information for neurosurgical planning and is being increasingly investigated for this purpose.
12,28
The traditional view of STN anatomy and function, as established in primate studies, is that of 3 functionally and anatomically distinct regions (sensorimotor, associative, and limbic). 31, 37 This classic tripartite segmentation has been questioned recently. 27 Convergent evidence now suggests a topological organization of the STN, without sharply delineated anatomical boundaries and instead a degree of overlap between functional zones. 16 The mentioned study also confirmed findings from previous neuronal tracing studies in animals that the primary motor cortex (Brodmann area [BA] 4) and the premotor and supplementary motor cortex (BA6) project directly to the STN, forming a cortico-subthalamic hyperdirect pathway (HDP). [33] [34] [35] Recent optogenetic studies using parkinsonian rodents have provided robust evidence that antidromic activation of this pathway plays an important role in mediating DBS treatment effects.
15
A small number of studies have previously used advanced probabilistic tractography methods to examine STN connectivity. 1, 6, 26, 32 These studies, performed in healthy volunteers, have been able to identify functional regions within the STN in accordance with known primate anatomy. In addition, there are only a few DTbased tractography studies in patients with PD undergoing DBS. 4, 49 The simpler DT-based tractography method has the practical advantage of being available in a small number of commercial neuronavigation systems, whereas more advanced probabilistic methods are not. The disadvantage of the available DT-based methods is that they have been superseded in the nonclinical neuroimaging literature by more advanced methods, which are clearly superior. 11, 19, 23, 44 Furthermore, typical DWI acquisitions are severely impacted in the STN region by both cardiac pulsation and susceptibility-induced distortions, challenging this specific clinical application.
The main aim of the current study was to extend and evaluate the use of a robust CSD-based probabilistic tractography method into an important clinical setting. We directly compared the impact of using this probabilistic method with a DT-based deterministic approach for delineating and targeting the HDP in a small group of patients with PD selected for DBS treatment. Furthermore, we investigated the consistency of the 2 tractography methods across repeated MRI scans (N = 10) of 1 healthy adult. Finally, we acquired high-quality DWI data for this study by using a recently developed, advanced (navigator echocorrected) readout-segmented echo planar imaging (EPI) sequence. 40 
Methods

Selection of Participants
Five patients with PD selected for STN DBS surgery at Aarhus University Hospital participated in the current study (average age 54.8 [SD 5.7] years) and had an average disease duration of 10 years (SD 4 years). All patients showed significant, positive response to levodopa challenge tests (mean improvement of 71% [SD 9%]) in Unified Parkinson's Disease Rating Scale Part III score. One patient diagnosed with dopa-responsive dystonia (DYT5), initially with a good treatment effect of botulinum toxin, developed left-sided PD cardinal motor symptoms responsive to levodopa treatment. When the patient experienced off periods and dyskinesia, a dopamine transporter-SPECT scan was performed, confirming bilateral putaminal loss of dopaminergic terminals.
All patients underwent several preoperative evaluations by an experienced multidisciplinary team consisting of a neuropsychologist, neurologist, and neurosurgeon to ensure DBS candidacy. Patient selection criteria and DBS electrode implantation were performed according to an established local standard (for further details, see Østergaard et al. 36 ). All PD DBS candidates at Aarhus University Hospital undergo preoperative MRI scans under general anesthesia for optimal surgical planning data. For the enrolled patients with PD, this scanning session was extended to allow acquisition of high-resolution DWI data. To further examine the robustness of the diffusion acquisition and tractography results, we included 1 healthy adult (31 years old), who underwent repeated MRI sessions over a 4-week period. All participants gave written informed consent and the study was approved by the local ethics committee.
Image Acquisition
Two weeks before surgery, each patient with PD underwent the extended preoperative MRI session (2 hours) to acquire standard T1-and T2-weighted MRI for DBS planning, along with high-resolution DWI for tractography. The healthy participant was scanned 10 times with an identical DWI protocol over a 4-week period (nonanesthetized, but with minimal movement).
All MRI data were acquired on a 3-T Siemens Tim Trio using a 32-channel head coil. A 3D T1-weighted magnetization-prepared rapid-acquisition gradient echo sequence was obtained with the following parameters: TR 2420 msec; TE 4.58 msec; matrix 256 × 256; slices 176 (sagittal); slice thickness 1 mm; resolution 1 mm isotropic; and averages 2.
A T2-weighted turbo spin echo sequence was acquired with the following parameters: TR 3470 msec; TE 77 msec; matrix 384 × 384; slices 30 (axial); slice thickness 1.5 mm; and resolution 0.625 × 0.625 × 1.5 mm.
A high-resolution DWI sequence was acquired using a readout segmentation of long variable echo trains (RESOLVE) 40 sequence. In addition to the reduction in geometrical distortions (Poster presentation by Petersen MV et al., Organization for Human Brain Mapping Annual Conference, 2014) provided by segmented readout, the RESOLVE sequence uses navigator echoes and realtime reacquisition to reduce the effects of cardiac pulsation, which are pronounced in the brain below the level of the corpus callosum. 41 We used the following parameters: 62 diffusion-encoding directions, with a b value of 1000 sec/mm 2 , 9 interleaved nondiffusion-weighted (b = 0) volumes; TR 13,500 msec; TE 81 msec; matrix 136 × 136; slices 84 (axial); slice thickness 1.4 mm; resolution 1.4 mm isotropic; readout segments 5, leading to an acquisition time of approximately 1 hour and 30 minutes. To facilitate further reduction of susceptibility-induced distortions, we acquired a set of 4 b = 0 images with similar parameters but with opposing phase-encoding polarity. Figure 1 presents the full processing pipeline, which used the following toolboxes: the FreeSurfer image analysis suite (http://surfer.nmr.mgh.harvard.edu), 10 Brain, http://fsl.fmrib.ox.ac.uk), 18 and the MRtrix3 software package (https://github.com/jdtournier/mrtrix3). FreeSurfer was used to analyze the T1-weighted scan and to automatically parcellate cortical regions based on individual patient anatomy. Probabilistic maps of the cortical regions corresponding to BAs 4 and 6 were extracted and combined to create a motor cortex mask. The generated masks (STN and BA4 + BA6) were transformed to the coordinate system of the diffusion data using a 6-degreesof-freedom rigid-body registration between MRI modalities (FSL).
Data Processing of MRI Studies
Diffusion Data Preprocessing
The diffusion data were preprocessed using FSL to correct for DWI-related artifacts, including correction of motion, eddy currents, EPI distortions (caused by B0 field inhomogeneity), 2 and intensity inhomogeneity (bias field). Next, the MRtrix toolbox was used to analyze the raw diffusion signal and generate fiber orientation estimates, using 1) the DT model and 2) a higher-order CSD-based diffusion model. Total processing time on a 3.5-GHz 6-core Intel Xeon E5-equipped workstation was approximately 4 hours. Figure 3 illustrates relevant steps of the tractography analysis. We performed an identical tractography analysis using 2 different techniques, corresponding to the 2 fitted diffusion models: a deterministic (DT model) and probabilistic (CSD model) algorithm as implemented in the MRtrix toolbox. For simplicity, we refer to the deterministic method as DT and the probabilistic method as CSD throughout. Default tracking parameters were used for both algorithms except for amplitude cutoff values, which for both were increased to 0.2 (default, 0.1) to limit the number of erroneous streamlines generated (see Fig. 4 for detailed tracking parameters).
Tractography Framework
The following steps explain the details of our tractography procedure (see Fig. 3 ). First, 100,000 streamlines were initiated randomly from a seed region covering the motor cortex (BAs 4 + 6). The streamlines were not constrained by any target, inclusion, or exclusion regions and would only terminate when exceeding the predefined cutoff values. Second, using the manually generated STN segmentation, we extracted the streamlines that terminated within the STN region, corresponding with a direct cortico-subthalamic connection. Third, using a simple streamline counting approach, we generated a track-density image (TDI) of the delineated left and right corticosubthalamic streamlines. Briefly, the number of stream- lines passing through a given intersected voxel was counted and mapped as a numerical value for this voxel. Fourth, using the STN segmentations again, we masked the TDI to generate an STN map depicting the areas within the STN that demonstrated a high density of streamlines connecting to the cortical motor areas. Fifth, by merging these voxel-based TDI target maps with the coregistered (intensity-scaled) T1-weighted image, we generated a new fusion T1-weighted HDP image that can be readily exported (DICOM format) and loaded in standardized neuronavigation systems.
This processing pipeline results in 2 STN maps representing HDP target regions, 1 using the DT-based and 1 using the CSD-based tractography method. To contrast the 2 STN target regions identified in the patients with PD, we extracted coordinates for the center of gravity and calculated the distance between the 2 points.
To compare the target robustness across the 10 repeated scans, we again extracted the center of gravity and calculated the standard deviation of the 2 methods across the x-y-z axes. To quantify the variability of the 2 methods, we combined the standard deviations across axes into a vector and calculated the length. Figure 4 presents the raw cortico-subthalamic tracking results using our analysis framework. Both the DT and CSD methods successfully reconstructed a pathway
Results
Delineation of the HDP
FIG. 3. A:
Schematic illustration of the tractography analysis: HDP delineation and STN target map creation. Raw tractography results consisting of 100,000 streamlines seeded throughout the motor cortex in 1 hemisphere (i). Unfiltered results are dominated by streamlines following the CST and crossing through the corpus callosum. Streamlines that terminate within the boundaries of the STN mask are extracted, representing the HDP (ii). The HDP streamlines are resampled into a TDI. See Methods for further details (iii). The TDI is masked using the STN mask, resulting in a probability map that identifies the region within the STN with a high density of HDP streamlines (iv). This final map thus represents a tractography-derived HDP-STN target map. B: Results from a patient data set corresponding to the steps outlined above (CSD method illustrated). CC = corpus callosum; RN = red nucleus; SN = substantia nigra; Thal = thalamus. between the motor cortex and ipsilateral STN in all 5 patients and across all 10 STNs. The DT method reconstructed narrow and sparse bundles of streamlines originating from small and highly variable areas of the motor cortices. In 6 of 10 patient hemispheres, this method delineated connections only from the BA6 region. In contrast, the CSD method overall reconstructed a more continuous set of streamlines projecting to the STN from a larger area of the segmented cortical motor regions. The CSD method identified a larger proportion of streamlines connecting BA6 and the STN, compared with connections from BA4 that appeared to be fewer and more variable across patients. All reconstructions across both methods appeared to connect the motor cortices with the dorsolateral aspect of the ipsilateral STN and to course through a segment of the internal capsule en route to the STN. In the right hemisphere of the patient in Case 4, both methods identified only a limited number of streamlines.
The STN-HDP Target Region: Patients With PD
With both tractography methods, we identified HDP target regions that lie within the dorsolateral aspect of the STN. There is an overlap between the 2 defined target regions in all subthalamic nuclei. This overlap varies considerably, both between patients and between hemispheres in individual patients. The difference is highlighted when examining the peak intensity region (representing the highest density of HDP streamlines) of the STN target maps (Fig. 5) . Generally, it appears that the CSD method identified a larger and more diffuse region of the STN compared with the DT method. Comparing center-of-gravity coordinates yielded by the 2 methods resulted in a difference of 0.5-2.6 mm (mean 1.41 mm, SD 0.62). In fact, across these 2 methods, half of the center coordinates differed by > 1.5 mm (summarized in Table 1 ). Figure 6A and B illustrates the consistency of the target maps generated across the 10 repeated scans obtained in the healthy participant using the 2 methods. The overall target area and peak streamline density appear more variable in the DT method. In contrast, as demonstrated in Figure 6B , the CSD target maps are more consistently confined to the posterolateral aspect of the STN outline. When we compared the center-of-gravity x-y-z coordinates across the 10 repeated scans, we found that the DT method is considerably more variable than the CSD method (Table 2 ). To calculate a spatial metric for this variation, we combined the standard deviations across the x-y-z axes and found that the DT method demonstrated an inaccuracy of 0.8-1.3 mm, which was 1.9-2.4 times higher than for the CSD-derived targets (illustrated in Fig. 6C ).
Robustness of Tractography Results: Healthy Control Participant
Exportation to Neuronavigation Software
We can interpret the delineated STN target regions as probability maps representing the likelihood of HDP connectivity (Fig. 7) . The generated T1-weighted HDP image combines the tractography-derived target maps with the anatomical information necessary to coregister and fuse it with traditional stereotactic DBS planning data (CT, T1-, and T2-weighted scans). Figure 8 demonstrates the T1-weighted HDP target map imported and merged with a patient's preoperative stereotactic targeting plan in the SurgiPlan neuronavigation software.
Discussion
In this study, we have delineated the cortico-subthalamic HDP by using high-resolution DWI data and 2 commonly used tractography techniques: 1) a simple DT-based deterministic method and 2) a more advanced CSD-based probabilistic method. We examined the application of these 2 methods in a sample of patients with PD who were selected for DBS treatment, where stimulation of specific white matter pathways is crucially linked to treatment outcomes. Across all patients, the DT-based method reconstructed a smaller and more variable subset of streamlines between the STN and the 2 defined cortical motor areas BA4 and BA6, compared with the CSD method. This vari- ability is easily appreciated when examining the resulting streamlines in the sagittal slices, shown in Figure 4 . The CSD method delineates a continuous set of streamlines connecting a more dispersed area of motor cortex to the STN. This is important because a reliable, consistent delineation of this pathway is necessary if tractography methods are to be applied to the neurosurgical treatment planning of PD.
In 1 of the patients, the right hemisphere cortico-subthalamic connections appeared to be particularly diminished, as reconstructed by both the deterministic and probabilistic methods. Clinically, this patient was different by virtue of diagnosis of dopa-responsive dystonia at an early age confirmed by genetic testing, followed by a diagnosis of idiopathic PD confirmed by a dopamine transporter-SPECT scan. It is plausible that this individual had greater neural degeneration compared with the other 4 patients. Several recent tractography-based studies have identified structural white matter abnormalities and disruption of fiber pathways in cerebello-thalamo-cortical networks of patients with idiopathic dystonia. 5, 47 In the present patient, the clinical PD presentation was dominated by leftsided symptoms consistent with right-sided degeneration, as modeled here. Further work on movement disorder in patients with varying stages of disease might enable us to disentangle disorder-related neural degeneration from potential technical limitations of these methods.
To assess and quantify the divergence between the 2 methods, we compared the center of gravity of the tractography-derived target maps generated. We found a substantial difference between methods, with an average difference of > 1.4 mm and half of the targets differing by ≥ 1.5 mm (Table 1) . This difference is of a significant magnitude when compared with the accuracy of current stereotactic DBS electrode-placement procedures. 7, 13 Furthermore, when assessing the consistency of generated STN targets across 10 repeated scans obtained in a single healthy adult, we found that the DT method produced substantially more variable results (Fig. 6) . Across all scans, the CSD technique delineated a more consistent target region located toward the dorsolateral region of the STN. The robustness of the probabilistic method was further highlighted when comparing the center-of-gravity coordinates across the 10 scans, where the DT method demonstrated a highly variable pattern by comparison ( Table 2 ). This further signifies that the tensorbased method is insufficient for many clinical aims.
Although it was only possible to obtain repeated measurements in the healthy participant, it is unlikely that the variation observed between the 2 methods (Table 2) would be less pronounced in a patient sample. A large proportion of the variation seen across patients (Table 1) can probably be attributed to methodological insufficiencies related to the DT method (0.8 mm left, 1.3 mm right). Furthermore, the data acquired here were of very high quality compared with typical clinical acquisitions. We would not expect the DT method to provide more reliable results with lowerquality data.
The technical inadequacy of DT-based tractography is established in nonclinical neuroimaging studies. [19] [20] [21] [22] [23] In patients undergoing resection of tumors in close proximity to eloquent cortical areas, it has been demonstrated that deterministic algorithms tend to grossly underestimate the extent of the corticospinal tract (CST). Typically, only a narrow subset of streamlines projecting from the medial aspects of the motor cortex are identified, 11 similar to the findings reported here for the HDP. The improved anatomical accuracy of probabilistic compared with deterministic tractography has furthermore been demonstrated in these patients by using intraoperative electrical stimulation of subcortical white matter and cortical motor neurons. 30 The CSD-based method implemented in the current work has demonstrated robust results on both phantom and clinical data. 25, 45, 50 Although the model is especially well suited to diffusion data acquired with a high b value (> 2000 sec/ mm 2 ), where it can resolve crossing fibers at an angle as low as 35°, it has also shown robust results on data acquired at typical clinical b values (1000-1200 sec/mm 2 ), provided that a high number of directions are acquired. 50 The small number of studies using probabilistic tractography to examine STN connectivity in healthy participants all report some degree of connectivity between cortical motor areas and the STN, suggesting that the HDP can be identified in vivo in humans. Only 2 of these studies provide specific details on the anatomical course of the connections between the STN and cortical motor areas, 6, 51 whereas other studies simply note the presence of these connections.
1,26 Furthermore, 1 of these 2 studies reported the identification of this pathway only in a minority of participants, suggesting inconsistency in methodological output. 6 The current probabilistic method plausibly delineated the HDP across all of the patients tested. Furthermore, the technique we have implemented reconstructed STN connectivity with both BA4 and BA6. This is consistent with recent primate studies using anterograde neuronal tracing and reporting an HDP from both BA4 and BA6. 16 The current delineation of the HDP is consistent with a recent tensor-based tractography study of patients treated with DBS. 4 In this study, the authors reported that they could define an STN target region closer to the final (optimized through test stimulation) electrode position than to the origi- nal planned target. This is encouraging, given the relatively low nominal resolution of their data (2.6-mm isotropic voxels) and deterministic framework; it provides impetus for explorations with higher-resolution acquisitions and probabilistic tractography, such as implemented in the current study. In general, our results support these earlier indications.
Our current work has implemented a readout-segmented EPI diffusion acquisition, with substantially higher nominal resolution than previous studies (1.4-mm isotropic voxels). In contrast to single-shot EPI, this acquisition resulted in an actual resolution only slightly worse than the nominal. This higher resolution provided us with > 6 times as many voxels covering the STN, allowing us to characterize regions of connectivity within the STN in far greater detail. With these data, we have demonstrated that choice of tractography method has a significant impact on the delineation of a target region within the STN. The larger, diffuse target region defined by probabilistic tractography is in part due to the technical nature of the method, incorporating uncertainty of the estimated fiber orientations. Consequently, we have chosen to compare the center of gravity of the generated target maps. Last, we have described a framework for generating an STN target map by converting the tractography-derived streamlines into a voxel-based TDI. This is of significant interest to clinicians because such a target map can be converted to the standardized DICOM format and imported into surgical neuronavigation systems. Clinical implementation of advanced tractography methods has hitherto not been explored because of constraints within these surgical planning systems. The TDI format supports easy conversion and import because it is a simple voxel-based intensity map as opposed to the raw 3D streamlines that are generated with tractography.
Despite the widely discussed limitations of the DT model and deterministic tractography technique, it is still being used in clinical neurosurgical studies. 4, 11 This may be due, in part, to the constraints of commercially available neuronavigation systems. None of these currently support probabilistic tractography, and only a few have implemented basic deterministic methods. In this study, we have exported the MRI data to a custom workstation set up for data processing. This allows us to implement more advanced preprocessing and tractography methods than commercially available. Diffusion acquisitions are very sensitive to patient movement and are affected by several characteristic artifacts, leading to geometrical distortions (for further details, see Jones 21 and Tournier et al.
44
). Corrections of these distortions are essential for analysis of the raw diffusion signal and are furthermore crucial for achieving accurate coregistration with undistorted (T1-and T2-weighted) MRI modalities. The current study, and the majority of other tractography studies, relies on segmentation of structures on anatomical scans, which are then transformed and assumed to line up correctly on diffusion scans. The optimal distortion correction requires tools that are not currently available in any neuronavigation system, as well as the additional acquisition of diffusion data with reverse phase encoding, which has so far limited the implementation in clinical studies.
In our proposed framework, the only requirement for manual input is for segmentation of the STN. We aimed for the most accurate segmentation possible, to evaluate the impact of 2 divergent tractography methods. However, another methodological advantage of our study is that we initiated streamlines from the motor cortex and extracted only streamlines that terminated in the defined STN region. If the STN region was overestimated and included parts of the nearby CST, we would still only extract HDP streamlines as those that terminated within the region. This would effectively filter out corticospinal streamlines that pass through the region. In future work, this process could be fully automated by using available probabilistic atlas models of the STN 24 and thus could provide targeting maps for the surgeon performing DBS, with no need for manual inputs.
The major limitation of the current study is the timeconsuming readout-segmented echo-planar DWI acquisition used (i.e., RESOLVE). This acquisition allowed us to acquire high-resolution DWI data with a great reduction of geometrical distortions and other artifacts (cardiac pulsation and motion), but at the cost of long acquisition time. However, with ongoing improvements in MR scanner hardware 46 and acquisition protocols, we can expect such lengthy scan times to be reduced by a factor of ≥ 3 in the near future.
14 In addition, reducing the number of unique diffusion-encoding directions, or limiting the field of view to only a set of coronal slices covering the STN and cortical motor areas, could potentially shorten time requirements further.
A further constraint in our protocol is that patients were anesthetized, which may not be feasible in all clinical settings. For the current study, this allowed us to obtain optimal-quality data. Furthermore, it is challenging to avoid movement artifacts in nonanesthetized patients or healthy participants in prolonged scanning sessions. Finally, the field of tractography more generally is faced with challenges such as the lack of anatomical validation and the lack of consensus on analytical procedures.
The unconstrained framework of this tractography study is not designed to assess the integrity of prespecified pathways, but rather to explore if relevant pathways can be plausibly delineated and targeted using in vivo tractography methods. Further refinement is necessary if we are to systematically compare and quantify the integrity of the discussed pathways across patients. This includes adjusting for the size of parcellated motor and STN regions, as well as tracking both from the cortex to the STN and from the STN to the cortex. Furthermore, the cortical motor regions could be manually segmented into the premotor, supplementary, and primary motor cortex. This could allow us to further quantify connectivity with the specific cortical motor regions. It would also be of interest to examine if STN regions dominated by connectivity with either of the motor regions can be identified, as has been demonstrated in a recent primate tracing study. 16 Finally, the probabilistic method identified a varying number of streamlines from the primary motor cortex (BA4) across all patients. However, it is difficult to evaluate how much of this variation is related to actual structural differences   FIG. 8 . Example of the fusion T1-weighted HDP targeting map imported and registered with preoperative planning data in neuronavigation software (Leksell SurgiPlan, Elekta). The screenshot shows an axial, coronal, and sagittal slice through the planned STN targets (sagittal view is focused on the right STN). The green target reticle depicts the originally planned target. The bright white area is the probability map of the tractography-derived STN target (CSD) and in this patient demonstrates proximity to the traditional target. Note that tractography data were not made available to neurosurgeons before DBS surgery. Therefore, the preoperatively planned DBS targets were not adjusted based on the tractography-derived targets, and the T1-weighted HDP target map was overlaid to illustrate the feasibility. between patients, or to variation in the FreeSurfer parcellation, which uses probabilistic maps to approximate BAs.
Together with innovations such as directional stimulation, better targeting provides a clear means to improve treatment outcome. 29, 39 Our tractography framework demonstrates an avenue for refining and individualizing DBS treatment planning. Future studies will be able to extend the current approach to delineating limbic STN projections. This could be helpful in neurosurgical DBS planning for either PD, where we aim to avoid this region, or for obsessive-compulsive disorder, where we aim to target this region. 9 Further studies using larger patient cohorts are required to validate improved treatment efficacy of tractography-based targeting over traditional STN-targeting methods. The gold standard methodology would ultimately be randomized controlled trials. However, retrospective studies-combining tractography with data on electrode position, stimulation fields, and clinical outcomes-would allow us to investigate the structural networks modulated with DBS. This would potentially allow characterization of the STN connectivity patterns associated with positive and negative treatment effects.
Conclusions
Our study clearly demonstrates that the CSD-based probabilistic method provides considerably more consistent and plausible tractography results compared with the DT-based method. If tractography is to be implemented in future neurosurgical treatment planning, it is crucial that we use a robust and reliable method, such as the CSDbased framework presented here. Although DT-based tractography is available in some commercial neuronavigation software, its demonstrated limitations render it inadequate for clinical applications, where accurate stereotactic targeting is required.
